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Abstract 
 
Anthropogenic and natural aerosols affect the Earth’s radiation budget both in direct 
and indirect way. The direct aerosol effect on Earth’s radiation budget is caused by 
direct scattering and absorption of solar and thermal radiation, and can be quantified by 
the radiative forcing. In this study, shortwave direct aerosol radiative forcing 
(SWDARF) is estimated by using satellite observation data and climate modeling, and 
the uncertainties of estimated SWDARF are discussed.  
In 2006, the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations 
(CALIPSO) satellite was launched with the space-borne lidar, CALIOP (the 
Cloud-Aerosol Lidar with Orthogonal Polarization). CALIOP, for the first time, 
provides us with a global data of aerosol and cloud vertical profiles [Winker et al., 2009, 
2013]. In addition, CALIOP has capability to detect aerosols existing above the 
optically thick clouds which are not observed by passive remote sensing and ground 
based lidar [Winker et al., 2010]. Several studies reported that absorbing aerosols above 
low-level clouds produce a large positive forcing over the Atlantic Ocean off southwest 
Africa [e.g. Keil and Haywood, 2003; Chand et al., 2009]. SWDARFs of aerosols above 
clouds have never been estimated in the global scale using observation data. 
I investigate four scenarios for estimating the SWDARF at the top of the atmosphere 
(TOA) using data of CALIPSO lidar and data of MODIS sensor. The first scenario, 
which is called as clear-sky case, is the case that aerosols are observed in clear-sky 
condition. High cloud reflectance changes the SWDARF from negative to positive 
[Haywood and Shine, 1997]. Hence, I made three scenarios under cloudy-sky condition. 
The first is a case of aerosols existing above clouds (above-cloud case). The second is a 
case of aerosols existing below high-level clouds such as cirrus (below-cloud case). The 
third is a case of aerosols undetected by CALIOP lidar exist below/within the optically 
thick clouds (cloudy-undetected case). The cloudy-sky SWDARF is calculated by 
SWDARFs of above-cloud, below-cloud, and cloudy-undetected cases weighted by the 
occurrence probability of each scenario. The all-sky SWDARF is then calculated by 
combination of clear-sky and cloudy-sky SWDARF weighted by the cloud occurrence 
probability. In this study, the global scale estimate of cloudy-sky SWDARF is 
performed for the first time by using observation data. My analysis of the CALIPSO 
Version 3 product shows the occurrence probabilities in clear-sky, above-cloud, 
below-cloud, and cloudy-undetected cases are 38%, 4%, 16%, and 42%, respectively. 
This indicates that CALIOP can observe 58% of aerosols in all-sky condition, whereas 
the aerosol observation by passive remote sensing is limited only in clear-sky condition, 
ii 
 
i.e. 38% of aerosols.  
In clear-sky and below-cloud cases, aerosols mainly scatter sunlight and SWDARF 
shows negative values, except for bright surfaces. On the other hand, SWDARF 
globally shows positive value in above-cloud case. In this case, the absorption of 
aerosols is enhanced by the high reflectance of clouds and changes the SWDARF at 
TOA from negative to positive. As for the cloudy-undetected case, I assume the 
SWDARF to be zero, because optically thick clouds dominantly scatter the incident 
sunlight. The above mentioned method of analysis is applied to CALIPSO Version 2 
and Version 3 products to obtain SWDARFs between 60°S and 60°N under clear-sky, 
cloudy-sky, and all-sky conditions as 3.7±0.8, 3.7±0.7, and 2.0±1.2 Wm2. The 
result indicates the difference of the version of the CALIPSO product is as large as 50% 
in all-sky forcing.  
According to previous studies of the global aerosol model intercomparison project 
AeroCom, SWDARF simulated by MIROC-SPRINTARS is smaller negative than the 
mean value of other model estimates [Yu et al., 2006; Schulz et al., 2006; Myhre et al., 
2013]. In this study, SWDARF is also calculated by the latest version of MIROC 
[Watanabe et al., 2010]. In the MIROC model, the optical properties of aerosols and 
clouds are separately calculated in SPRINTARS aerosol module and mstrnX radiation 
module. By detailed investigation of aerosol optical thickness (AOT) and and single 
scattering albedo (SSA) from the two modules, I found that the mstrnX AOT and SSA 
are smaller than those of SPRINTARS, because aerosol size indices of mstrnX is 
different from that of SPRINTARS in order to save CPU time. In order to make the two 
modules consistent with each other, I modified the interface between the two modules to 
set common optical aerosol models with 6 size bins of mineral dust, 4 types of 
carbonaceous aerosols, sulfate, and 4 size bins of sea salt. In this study, this new model 
is referred to as the SPnew model. I confirmed that AOT of each aerosol component and 
SSA of mstrnX agree with those of SPRINTARS within 4% in the SPnew model. 
Absorption of dust and carbonaceous aerosols becomes smaller from the standard model 
to the SPnew model. Zonal averages of SWDARF between 60°S and 60°N under 
clear-sky, cloudy-sky, and all-sky conditions change from 2.0, +0.3, and 0.7 Wm2 in 
the standard model to 2.1, 0.1, and 1.1 Wm2 in SPnew model. 
The vertical profiles of aerosols are globally observed by CALIPSO lidar under 
clear-sky condition. High concentrated aerosols are globally observed by CALIPSO 
lower than 2 km altitude; in particular, aerosol extinction coefficient is larger than 0.05 
at altitude lower than 1 km. On the other hand, the aerosol extinction coefficient in 
SPnew model is underestimated globally below 2 km altitude, while aerosols are 
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elevated up to 7 km altitude around source regions of carbonaceous aerosols and dust in 
the model. These results indicate that aerosols are transported higher than the 
observation in a vertical direction, but are hardly transported in a horizontal direction in 
MIROC.  
I compared the the obtained geographical distributions of AOT and SSA from 
satellites and models. The geographical distribution of CALIPSO AOT is found similar 
to that of MODIS observations, while CALIPSO AOT is smaller than MODIS AOT by 
20%. Compared with CALIPSO and MODIS AOT, SPnew AOT is underestimated in 
almost all regions. This causes smaller negative SWDARF under clear-sky condition in 
the model. It is also found that under clear-sky condition the aerosol extinction 
coefficient of SPnew is smaller below 4 km altitude and larger above 4 km altitude than 
that of CALIPSO. The ratio of CALIPSO AOT to SPnew AOT (CALIPSO AOT / 
SPnew AOT) is 2.14 below 4 km and 0.29 above 4 km altitude. In order to study the 
effect of this difference, I performed a model simulation that aerosol concentrations 
multiplied by 2.14 below 4 km altitude and 0.29 above 4 km altitude in the SPnew 
model. This simulation is referred to as the SP4km experiment.  
Zonal averages of SWDARF between 60°S and 60°N under clear-sky, cloudy-sky, 
and all-sky conditions are calculated in the SP4km experiment as 3.2, -0.3, and 1.7 
Wm2. The zonal average AOT between 60°S and 60°N for SP4km is comparable to 
CALIPSO AOT and the modeled SSA is overestimated, but the zonal average of 
clear-sky SWDARF for SP4km is smaller negative than CALIPSO by 0.5 Wm2. This 
difference is mainly caused by an underestimation of aerosol extinction coefficient 
below 2 km altitude over ocean in the Southern Hemisphere. 
MIROC frequently simulate optically thicker clouds than observation. Off southwest 
Africa, absorbing aerosols emitted by biomass burning in Africa are transported above 
low-level clouds. Aerosols usually undetected below 1.5 km altitude by CALIPSO 
observations in above-cloud case, whereas aerosols are simulated from surface to 5 km 
altitude in the model. In cloudy-sky condition, the modeled SWDARF is more positive 
than the observation, because the absorption of aerosols within/above clouds is largely 
enhanced by higher cloud reflectance derived from optically thick clouds. Over central 
and northern Pacific, optically thick clouds are simulated from the lower to upper 
troposphere in the model, so that clouds mainly scatter sunlight and aerosols cause less 
negative forcing than the CALIPSO case. From these results, the cloudy-sky SWDARF 
in MIROC is considered to be smaller negative than that of CALIPSO.  
Summarizing the results in this study, I like to propose the best estimates of 
clear-sky and all-sky SWDARF of 4.1 and 1.9 Wm2. On the other hand, the global 
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averages of SWDARF from the past studies are 4.8±0.8 and 2.7±0.9 Wm2 under 
clear-sky and all-sky conditions [Liu et al., 2007; Kim and Ramanathan, 2008; Ma et al., 
2012; Zhang et al., 2012; Kinne et al., 2013]. My estimate of the clear-sky SWDARF is 
located in between the CALIPSO values obtained in this study and the average of 
previous studies. This conclusion suggests that both the satellite-borne lidar and 
modeling methods have their own characteristic errors in SWDARF estimation. The 
present analysis is considered to be useful to identify causes for errors found in this 
study. 
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1. Introduction 
Dust, sea salt, and volcanic sulfate are naturally emitted to the atmosphere as natural 
aerosols. Major sources of anthropogenic aerosols are, on the other hand, fossil fuel, 
biofuel, and biomass burning. Most of current global aerosol models treat natural 
aerosols, anthropogenic sulfate, black carbon (BC), and organic carbon (OC).  Some 
models simulate these species and anthropogenic nitrate and secondary organic aerosols 
(SOA). Anthropogenic and natural aerosols affect the Earth’s radiation budget both 
directly and indirectly. The direct aerosol effect is caused by direct scattering and 
absorption of solar and thermal radiation. The indirect aerosol effect is caused by the 
influence of aerosols that change the cloud microphysical and optical properties and 
also the cloud amount and lifetime by acting as cloud condensation nuclei (CCN) 
[Twomey, 1977; Albrecht, 1989]. Moreover, absorption of solar radiation by aerosols 
can influence the atmospheric temperature structure and lead to evaporation of cloud 
droplets. This phenomenon is called the semi-direct aerosol effect [Hansen et al., 1997; 
Ackerman et al., 2000]. 
In this study, I focus on the direct aerosol effect, which can be quantified by the 
radiative forcing. Under all-sky condition, direct aerosol radiative forcing (DARF) of 
anthropogenic aerosols has been estimated by various global models as 
5.035.0  Wm-2 [IPCC, 2013]. The Aerosol interComparison project AeroCom 
(http://nansen.ipsl.jussieu.fr/AEROCOM) attempts to the understanding of global 
aerosol life cycle and its impact on climate by performing a systematic analysis of more 
than 16 different global aerosol model results in addition to a comparison with satellite 
and surface measurements [e.g., Kinne et al., 2006; Textor et al., 2006; Schulz et al., 
2006; Myhre et al., 2013]. DARF reported in IPCC [2013] was mainly based on the 
DARF simulated by the AeroCom models [Myhre et al., 2013]. AeroCom 16 models 
simulated the clear-sky and all-sky DARF of anthropogenic aerosols and resulted in 
mean values of 0.65 Wm2 and 0.27 Wm−2 in clear-sky and all-sky conditions, 
respectively. The range of clear-sky DARF was from 0.35 to 1.01 Wm−2 and that of 
all-sky DARF was 0.58 to 0.02 Wm−2. Several models did not include nitrate or SOA 
for the simulation. A correction of the model estimates for missing aerosol components 
leaded the mean all-sky DARF to be 0.35 Wm−2. There are still large uncertainties in 
DARF calculated by various global aerosol models that estimate the climate effects by 
aerosols. 
Total (natural and anthropogenic) aerosols are observed by ground-based and 
satellite-based measurements. AERosol RObotic NETwork (AERONET) [Holben et al., 
1998] and SKYNET [Nakajima et al., 1996] are the world-wide ground-based 
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observation networks to retrieve aerosol parameters (aerosol optical thickness (AOT), 
single scattering albedo (SSA), the complex refractive index, and the size and shape 
distributions from spectral and multiangular sun/sky radiometer observations. Although 
the high-quality observations come from ground-based observations, satellite 
observations cover the land and ocean on a global scale. Especially, aerosol 
observations by the Moderate Resolution Imaging Spectroradiometer (MODIS) sensors 
aboard the Aqua and Terra satellites are well-known [e.g., Remer et al., 2005, 2008]. 
Validation of MODIS observations was conducted using AERONET observations over 
both land and ocean [e.g., Chu et al., 2002; Ichoku et al., 2002; Remer et al., 2002].  
Assumed retrieved errors of MODIS AOT are   05.003.0   over ocean, and 
  15.005.0   over land, where  represents AOT [Remer et al., 2005, 2008]. 
Remer et al. [2008] reported that the multiannual global averages of AOT at 550 nm 
over ocean were 0.13 for Aqua and 0.14 for Terra, and those over land were 0.19 for 
both Aqua and Terra; however, AOT over the bright surfaces (deserts and snow and ice 
surfaces) is not retrieved by using the dark target approach, because the observed 
radiance is dominated by the surface reflectance. It should be noted that the land AOT is 
the averages over the land except for desert regions and cryosphere. 
Recent studies about the clear-sky shortwave DARF (SWDARF) of total aerosols at 
the top-of-atmosphere (TOA) were summarized in Yu et al. [2006]. The satellite-based 
SWDARF was estimated to be 2.03.5   Wm2 and the model-based SWDARF was 
6.03.3   Wm2. The difference of SWDARF between observations and models were 
larger than the standard errors of observed and modeled SWDARFs. It is said that the 
MODIS-retrieved AOT tends to be overestimated by about 10 to 15%, because of 
contamination of thin cirrus [Kaufman et al., 2005]. Such overestimation of AOT would 
result in a comparable overestimate of SWDARF. The modeled SWDARF was smaller 
than the measurement-based SWDARF by about 30 to 40%, even after accounting for a 
cloud contamination.  
The global mean DARF at the TOA for anthropogenic and total aerosols were 
summarized in Fig. 1-1. On the global scale, aerosols mainly cool the Earth by 
reflecting sunlight back to space, that is, aerosols cause a negative forcing. The 
magnitude of the negative forcing for total aerosols is several times greater than that for 
anthropogenic aerosols. One of global aerosol models that have participated in 
AeroCom project is called Spectral Radiation-Transport Model for Aerosol Species 
(SPRINTARS) [Takemura et al., 2000, 2005, 2009]. The DARFs calculated by 
SPRINTARS are also summarized in Fig. 1-1. SPRINTARS simulated -0.71 and -0.14 
Wm-2 for the clear-sky and all-sky DARFs of anthropogenic aerosols, respectively. The 
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clear-sky forcing was comparable to the model average, while the all-sky forcing was a 
half the value of the model average. It could be that since nitrate and SOA were not 
included in SPRINTARS simulation. In view of different aerosol components simulated 
in different models, the SPRRINTARS all-sky forcing became close to the model 
average; however, the SPRINTARS clear-sky forcing became largely different from the 
model average. The clear-sky DARF for total aerosols was also simulated by 
SPRINTARS in the model and observation comparison exercises [Yu et al., 2006]. The 
clear-sky DARF of SPRINTARS was 1.7 Wm2; even allowing for missing aerosol 
components, the SPRINTARS DARF for total aerosols was smaller than DARFs by 
other studies.  
One of uncertainties in the evaluated DARF is the effect of vertical stratification of 
aerosols and clouds. Previous studies suggested that the all-sky DARF significantly 
depends on the amount of aerosols loaded above the cloud layer. In particular, absorbing 
aerosols as emitted from biomass burning above clouds produce a large positive forcing 
off southern Africa and South America [Keil and Haywood, 2003; Takemura et al., 
2005]. Haywood et al. [2004] used the vertical profiles of aerosols and clouds off the 
coast of southern Africa from aircraft measurements to demonstrate that MODIS 
retrievals exhibit a low bias in the cloud optical thickness (COT) and cloud effective 
radius. De Graaf et al. [2012] used data of passive satellite spectrometry from the 
ultraviolet to the shortwave infrared for estimating aerosol solar absorption by the 
above-cloud aerosols. The cloud optical properties were retrieved using three channels 
in shortwave infrared for calculating the cloud reflectance in the modeled aerosol-free 
condition. SWDARF was estimated by the difference of the cloud reflectance between 
measurements and modeled aerosol-free calculations. They reported that SWDARF of 
above-cloud absorbing aerosols off southern Africa was +23 Wm2 in August 2006.  
In 2006, the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations 
(CALIPSO) satellite was launched with the space-borne lidar, CALIOP (the 
Cloud-Aerosol Lidar with Orthogonal Polarization), as one of the NASA Earth System 
Science Pathfinder (ESSP) programs. CALIOP, for the first time, provided us with 
global data of aerosol and cloud vertical profiles [Winker et al., 2009, 2013]. Clouds and 
aerosols were discriminated using a combination of 532 nm backscatter magnitude and 
attenuated color ratio, which is the ratio of 1064 to 532 nm of attenuated backscatter 
intensity [Liu et al., 2009]. Vertical profiles of extinction coefficients for clouds and 
aerosols were retrieved from the extinction retrieval algorithms [Young and Vaughan, 
2009]. Winker et al., [2013] showed some aerosol characteristics retrieved by the 
CALIPSO measurements. In most regions, clear-sky and all-sky mean extinction 
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profiles for aerosols were similar; it implied that aerosol loadings in the lower 
troposphere are uncorrelated with the occurrence of high-level clouds. Diurnal 
differences of the column AOT was larger over land than over ocean. In addition, 
CALIOP can detect and retrieve aerosols above clouds [Winker et al., 2010], while these 
aerosols are undetected from ground-based lidar measurements. Chand et al. [2009] 
evaluated the direct aerosol effect over the Atlantic Ocean off southwest Africa using 
AOT of aerosols above optically thick low-level clouds quantified by retrieval methods 
of Hu et al. [2007] and Chand et al. [2008]. Chand et al. [2009] reported that the DARF 
largely depends on the fractional coverage and albedo of the underlying clouds: thus, 
cloud and aerosol profiling is significantly important for an accurate evaluation of the 
direct aerosol effect. 
In this study, the global all-sky SWDARF of the total (natural plus anthropogenic) 
aerosols is calculated using aerosol and cloud distributions of both CALIPSO 
observations and global aerosol modeling with SPRINTARS [Takemura et al., 2000, 
2005, 2009] for discussing the uncertainties of estimation of SWDARF from 
observations and models. Distributions of aerosols and clouds from CALIPSO and 
MODIS observations and satellite-based SWDARF are shown in chapter 2. I present a 
new method of improving aerosol optical modeling in the SPRINTARS and the 
radiation code in chapter 3. Comparisons between observations and model simulations 
are made in chapter 4 to study the sensitivity of the model simulation to the assumed 
aerosol characteristics. The overall results are summarized and discussed in chapter 5.  
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Fig. 1-1. Direct aerosol radiative forcing (DARF) at the top of atmosphere for 
anthropogenic and total (anthropogenic+natural) aerosols. Data of the all-sky and 
clear-sky DARF for anthropogenic aerosols ((anth, as) and (anth, cs)) are referred to 
IPCC [2013] and the simulation results of the AeroCom models (AeroCom) and 
SPRINTARS model (SP) [Myhre et al., 2013]. The clear-sky DARFs for total aerosols 
(total, cs) are estimated by the multi-satellite observations (obs) and multi-models 
(model) and SPRINTARS model [Yu et al., 2006]. 
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2. Direct aerosol radiative forcing of CALIPSO satellite measurements 
This chapter is non-public, because the contents of this chapter will be published 
within 4 years.  
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3. Direct aerosol radiative forcing of AGCM 
This chapter is non-public, because the contents of this chapter will be published 
within 4 years. 
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4. Comparison between the observation and model results  
This chapter is non-public, because the contents of this chapter will be published 
within 4 years. 
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5. Summary  
In this study, shortwave direct aerosol radiative forcing (SWDARF) is estimated by 
using satellite observation data and climate modeling, and the uncertainties of estimated 
SWDARF are discussed.  
The CALIPSO satellite with CALIOP lidar, for the first time, provides us with a 
global data of aerosol and cloud vertical profiles [Winker et al., 2009, 2013]. In addition, 
CALIOP has capability to detect aerosols existing above the optically thick clouds 
which are not observed by passive remote sensing and ground based lidar [Winker et al., 
2010]. Several studies reported that absorbing aerosols above low-level clouds produce 
a large positive forcing over the Atlantic Ocean off southwest Africa [e.g. Keil and 
Haywood, 2003; Chand et al., 2009]. SWDARFs of aerosols above clouds have never 
been estimated in the global scale using observation data. 
I investigate four scenarios for estimating the SWDARF at the top of the atmosphere 
(TOA) using data of CALIPSO lidar and data of MODIS sensor. The first scenario is a 
case that aerosols are observed in clear-sky condition (clear-sky case). The second 
scenario is a case of aerosols existing above clouds (above-cloud case). The third 
scenario is a case of aerosols existing below high-level clouds such as cirrus 
(below-cloud case). The fourth scenario is a case of aerosols undetected by CALIOP 
lidar exist below/within the optically thick clouds (cloudy-undetected case). The 
cloudy-sky SWDARF is calculated by SWDARFs of above-cloud, below-cloud, and 
cloudy-undetected cases weighted by the occurrence probability of each scenario. The 
all-sky SWDARF is then calculated by combination of clear-sky and cloudy-sky 
SWDARF weighted by the cloud occurrence probability. In this study, the global scale 
estimate of cloudy-sky SWDARF is performed for the first time by using observation 
data. My analysis of the CALIPSO Version 3 product shows the occurrence 
probabilities in clear-sky, above-cloud, below-cloud, and cloudy-undetected cases are 
38%, 4%, 16%, and 42%, respectively. This indicates that CALIOP can observe 58% of 
aerosols in all-sky condition, whereas the aerosol observation by passive remote sensing 
is limited only in clear-sky condition, i.e. 38% of aerosols.  
In clear-sky and below-cloud cases, aerosols mainly scatter sunlight and SWDARF 
shows negative values, except for bright surfaces. On the other hand, SWDARF 
globally shows positive value in above-cloud case. In this case, the absorption of 
aerosols is enhanced by the high reflectance of clouds and changes the SWDARF at 
TOA from negative to positive. As for the cloudy-undetected case, I assume the 
SWDARF to be zero, because optically thick clouds dominantly scatter the incident 
sunlight. The above mentioned method of analysis is applied to CALIPSO Version 2 
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and Version 3 products to obtain SWDARFs between 60°S and 60°N under clear-sky, 
cloudy-sky, and all-sky conditions as 3.7±0.8, 3.7±0.7, and 2.0±1.2 Wm2. The 
result indicates the difference of the version of the CALIPSO product is as large as 50% 
in all-sky forcing.  
According to previous studies of the global aerosol model intercomparison project 
AeroCom, SWDARF simulated by MIROC-SPRINTARS is smaller negative than the 
mean value of other model estimates [Yu et al., 2006; Schulz et al., 2006; Myhre et al., 
2013]. In this study, SWDARF is also calculated by the latest version of MIROC 
[Watanabe et al., 2010]. In the MIROC model, the optical properties of aerosols and 
clouds are separately calculated in SPRINTARS aerosol module and mstrnX radiation 
module. By detailed investigation of aerosol optical thickness (AOT) and and single 
scattering albedo (SSA) from the two modules, I found that the mstrnX AOT and SSA 
are smaller than those of SPRINTARS, because aerosol size indices of mstrnX is 
different from that of SPRINTARS in order to save CPU time. In order to make the two 
modules consistent with each other, I modified the interface between the two modules to 
set common optical aerosol models with 6 size bins of mineral dust, 4 types of 
carbonaceous aerosols, sulfate, and 4 size bins of sea salt. In this study, this new model 
is referred to as the SPnew model. I confirmed that AOT of each aerosol component and 
SSA of mstrnX agree with those of SPRINTARS within 4% in the SPnew model. 
Absorption of dust and carbonaceous aerosols becomes smaller from the standard model 
to the SPnew model. Zonal averages of SWDARF between 60°S and 60°N under 
clear-sky, cloudy-sky, and all-sky conditions change from 2.0, +0.3, and 0.7 Wm2 in 
the standard model to 2.1, 0.1, and 1.1 Wm2 in SPnew model. 
The vertical profiles of aerosols are globally observed by CALIPSO lidar under 
clear-sky condition. High concentrated aerosols are globally observed by CALIPSO 
lower than 2 km altitude; in particular, aerosol extinction coefficient is larger than 0.05 
at altitude lower than 1 km. On the other hand, the aerosol extinction coefficient in 
SPnew model is underestimated globally below 2 km altitude, while aerosols are 
elevated up to 7 km altitude around source regions of carbonaceous aerosols and dust in 
the model. These results indicate that aerosols are transported higher than the 
observation in a vertical direction, but are hardly transported in a horizontal direction in 
MIROC.  
I compared the the obtained geographical distributions of AOT and SSA from 
satellites and models. The geographical distribution of CALIPSO AOT is found similar 
to that of MODIS observations, while CALIPSO AOT is smaller than MODIS AOT by 
20%. Compared with CALIPSO and MODIS AOT, SPnew AOT is underestimated in 
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almost all regions. This causes smaller negative SWDARF under clear-sky condition in 
the model. It is also found that under clear-sky condition the aerosol extinction 
coefficient of SPnew is smaller below 4 km altitude and larger above 4 km altitude than 
that of CALIPSO. The ratio of CALIPSO AOT to SPnew AOT (CALIPSO AOT / 
SPnew AOT) is 2.14 below 4 km and 0.29 above 4 km altitude. In order to study the 
effect of this difference, I performed a model simulation that aerosol concentrations 
multiplied by 2.14 below 4 km altitude and 0.29 above 4 km altitude in the SPnew 
model. This simulation is referred to as the SP4km experiment.  
Zonal averages of SWDARF between 60°S and 60°N under clear-sky, cloudy-sky, 
and all-sky conditions are calculated in the SP4km experiment as 3.2, -0.3, and 1.7 
Wm2. The zonal average AOT between 60°S and 60°N for SP4km is comparable to 
CALIPSO AOT and the modeled SSA is overestimated, but the zonal average of 
clear-sky SWDARF for SP4km is smaller negative than CALIPSO by 0.5 Wm2. This 
difference is mainly caused by an underestimation of aerosol extinction coefficient 
below 2 km altitude over ocean in the Southern Hemisphere. 
MIROC frequently simulate optically thicker clouds than observation. Off southwest 
Africa, absorbing aerosols emitted by biomass burning in Africa are transported above 
low-level clouds. Aerosols usually undetected below 1.5 km altitude by CALIPSO 
observations in above-cloud case, whereas aerosols are simulated from surface to 5 km 
altitude in the model. In cloudy-sky condition, the modeled SWDARF is more positive 
than the observation, because the absorption of aerosols within/above clouds is largely 
enhanced by higher cloud reflectance derived from optically thick clouds. Over central 
and northern Pacific, optically thick clouds are simulated from the lower to upper 
troposphere in the model, so that clouds mainly scatter sunlight and aerosols cause less 
negative forcing than the CALIPSO case. From these results, the cloudy-sky SWDARF 
in MIROC is considered to be smaller negative than that of CALIPSO.  
Summarizing the results in this study, I like to propose the best estimates of 
clear-sky and all-sky SWDARF of 4.1 and 1.9 Wm2. On the other hand, the global 
averages of SWDARF from the past studies are 4.8±0.8 and 2.7±0.9 Wm2 under 
clear-sky and all-sky conditions [Liu et al., 2007; Kim and Ramanathan, 2008; Ma et al., 
2012; Zhang et al., 2012; Kinne et al., 2013]. My estimate of the clear-sky SWDARF is 
located in between the CALIPSO values obtained in this study and the average of 
previous studies. This conclusion suggests that both the satellite-borne lidar and 
modeling methods have their own characteristic errors in SWDARF estimation. The 
present analysis is considered to be useful to identify causes for errors found in this 
study. 
- 98 - 
 
Appendix A 
   In this study, four scenarios for radiative transfer calculation in CALIPSO 
observations, i.e. clear-sky, above-cloud, below-cloud, and cloudy-undetected cases, are 
investigated. The conditional occurrence probability of aerosols observed in the 
clear-sky condition is given as  
sky-clearN
NP aa  ,                           (A-1) 
where Na is the pixel count where aerosols are observed in clear-sky condition and 
Nclear-sky is the pixel count in clear-sky condition. We use the conditional AOT at 
wavelength of 532 nm for radiative transfer calculations defined as  
a
suma
a N
,  ,                           (A-2) 
where a,sum is the sum of AOT observed at clear-sky pixels. The clear-sky AOT shown 
in Fig. 2-8 is given as 
a
,
sky-clear
,
skyclear N
P
N
suma
a
suma   .                    (A-3) 
Shortwave direct aerosol radiative forcing (SWDARF) in clear-sky case is defined as  
aa SWDARFPSWDARF skyclear ,                    (A-4) 
where SWDARFa is the SWDARF calculated by using a. 
In a similar way, Pac, Pbc, and Puc are the conditional occurrence probabilities of 
above-cloud, below-cloud, and cloudy-undetected cases, respectively:  
skycloudy
skycloudy
skycloudyskycloudy
and,,




N
NNN
P
N
NP
N
NP bcacucbcbcacac ,   (A-5) 
1 ucbcac PPP ,                       (A-6) 
where Nac, Nbc, and Ncloudy-sky are the pixel counts of above-cloud, below-cloud and 
cloudy-sky cases, respectively. ac and bc are AOTs for radiation calculations in 
above-cloud and below-cloud cases, respectively: 
ac
sumac
ac N
,   and 
bc
sumbc
bc N
,                      (A-7) 
where ac,sum and bc,sum are the sums of AOT observed in above-cloud and below-cloud 
cases, respectively. The cloudy-sky AOT is given as 


 
bcaci
ii
bcaci
ii
cloudysky
ucbcaci
sumi
PP
N ,,
,,
,
sky-cloudy 0 

 .             (A-8) 
- 99 - 
 
The SWDARF in cloudy-sky condition is then given as 







bcaci
ii
bcaci
ii
ucbcaci
ii
SWDARFPSWDARFP
SWDARFPSWDARF
,,
,,
skycloudy
0
.        (A-9) 
where SWDARF of the cloudy-undetected case is assumed to be close to zero, because 
optically thick clouds dominantly scatter the incident sunlight.  
The AOT and SWDARF under all-sky condition are given as  
skycloudyskycloudyskyclearskyclearskyall    PP ,                 (A-10) 
skycloudyskycloudyskyclearskyclearskyall   SWDARFPSWDARFPSWDARF ,   (A-11) 
where Pcloudy-sky is equivalent to column cloud cover fraction, C. 
 
Appendix B  
The aerosol size distribution is usually expressed by the log-normal distribution and  
the number size distribution is expressed by  
  2)ln( )/ln(21exp)ln(2ln gnrrgnCrddN   ,                   (B-1) 
where dN/dln(r) is number of aerosol particles with radius in the infinitesimal size range 
r±dln(r), rn is number mean radius, Cn is total aerosol columnar particle number, and 
g is geometric standard deviation (GSD) of the size distribution. The volume size 
distribution is  
  2)ln( )/ln(21exp)ln(2ln gvrrgvCrddV   ,                 (B-2) 
where rv is volume mean radius and Cv is total aerosol columnar particle volume. The 
relationship between rv and rn is expressed by  
  gnv rr 2ln3exp  ,                    (B-3) 
and the relationship between Cv and Cn is expressed by  
   ngnv CrC  23 ln5.4exp34  .                 (B-4) 
From equation B-4, the average mass of one aerosol particle mp is given by 
     agna
n
v
p mrmC
Cm 23 ln5.4exp
3
4   ,            (B-5) 
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where ma is mass per unit volume. Total aerosol columnar particle number N is given by 
p
a
m
MN  ,                          (B-6) 
where Ma is total aerosol columnar particle mass. 
SPRINTARS treats 6 size bins of dust particle and 4 size bins of sea salt [Takemura 
et al., 2009]. In SPnew model, aerosol volume size distribution in each size bin is 
defined by the log-normal distribution. Figures B-1 and B-2 show the log-normal 
distributions of dust and sea salt at each sizes based on Table 3-2. From these figures, 
GSDs of volume size distributions for dust and sea salt are set to 1.1 and 1.2 in SPnew 
model.  
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Fig. B-1. The log-normal distributions of 6 different size dust particles in the cases of 
GSD = 1.005 and GSD = 1.1.  
 
 
 
Fig. B-2. The log-normal distributions of 4 different size sea salt particles in the cases of 
GSD = 1.005 and GSD = 1.2.  
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Appendix C 
   I use AERONET Level 1.5 Product [Holben et al., 1998; Dubovik et al., 2006] for 
the comparison of CALIPSO observation and MIROC model. AERONET Level 2 
Product is the quality-assured products. The number of data in level 2 product is only 
10% of that in level 1.5 product, so that AERONET level 1.5 product is used in this 
study. AERONET level 1.5 product includes a certain amount of data which has too 
large absorbing property (() < 0.6); therefore, a data selection procedure is performed 
to remove the low-quality data. I select the data which has 1.33 < mr() < 1.6, mi() < 
0.1, and () < 0.987, where mr and mi are the real part and imaginary part of refractive 
index,  is SSA, and  = 440, 675, 870, and 1020 nm. In addition, I eliminate the data 
which has both () < 0.05 and FMF() < 0.985, where is AOT and FMF is fine mode 
fraction of AOT. After these data selections, SSA at 550 nm is interpolated using SSA at 
440 and 675 nm. The calculated SSA at 550 nm is used for the comparison of CALIPSO 
observation and MIROC model (see section 4.3). 
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